The chain length dependence of the interaction of PFOA, a persistent environmental contaminant, with dimyristoyl-(DMPC), dipalmitoyl-(DPPC) and distearoylphosphatidylcholine (DSPC) was investigated using steady-state fluorescence anisotropy spectroscopy, differential scanning calorimetry (DSC) and dynamic light scattering (DLS). PFOA caused a linear depression of the main phase transition temperature T m while increasing the width of the phase transition of all three phosphatidylcholines. Although PFOA's effect on the on T m and the transition width decreased in the order DMPC > DPPC > DSPC, its relative effect on the phase behavior was largely independent of the phosphatidylcholine. PFOA caused swelling of DMPC but not DPPC and DSPC liposomes at 37°C in the DLS experiments, which suggests that PFOA partitions more readily into bilayers in the fluid phase. These findings suggest that PFOA's effect on the phase behavior of phosphatidylcholines depends on the cooperativity and state (i.e., gel versus liquid phase) of the membrane. DLS experiments are also consistent with partial liposome solubilization at PFOA/lipid molar ratios > 1, which suggests the formation of mixed PFOA-lipid micelles.
Introduction
Perfluorinated surfactants, such as perfluorooctanoate (PFOA), have been used for over 50 years in various large scale technical applications such as fire extinguishing media and electroplating baths, the preparation of fluoropolymers, as well as in consumer products such as stain-repellent coatings on carpets, paper or fabrics, lubricants, and personal care and cleaning products (Kissa, 2001; Lehmler, 2005) . The multifaceted use of perfluorinated surfactants results from an unusual combination of properties such as thermal, chemical and biological inertness, excellent spreading characteristics, and high surface activity. In particular, perfluorooctanoic acid and homologous perfluorinated acids have emerged as compounds of environmental concern and have been detected in various environmental matrices and in humans . Their extreme inertness towards chemical and biological degradation as well as their hydrophobic character contribute to their persistence in the environment and the accumulation of medium-to-long chain perfluorinated surfactants in the food chain (Martin et al., 2003a, b) . This worldwide contamination with perfluorinated surfactants gives rise to environmental as well as human health concerns.
Like other perfluorinated environmental contaminants , in utero exposure to PFOA has been linked to significant neonatal mortality in mice (Lau et al., 2006) . Although peroxisome proliferator activated receptor alpha (PPARα) appears to play a crucial role in the developmental toxicity of PFOA (Abbott et al., 2007; Rosen et al., 2007) , non-PPARα modes of action may play an important role as well Rosen et al., 2007) . Specifically, the inhibition of pulmonary surfactant has been proposed as one mechanism that may cause or contribute to the neonatal mortality in mice (Xie et al., 2007) . This "respiratory distress" hypothesis is based on the observation that perfluorinated environmental contaminants, such as PFOA and perfluorooctanesulfonic acid (PFOS), not only partition readily into lipid assemblies, but also have a significant effect on their phase transition (Hu et al., 2003; Inoue et al., 1988a; Matyszewska et al., 2007; Xie et al., 2007) . Furthermore, monolayer studies at the air-water interface show that PFOA and related perfluoroalkyl acids partition into the lipid monolayer (Arora et al., 2003; Lehmler and Bummer, 2004; Matyszewska et al., 2007; Nakahara et al., 2005) and alter the dynamic function of pulmonary surfactant in vitro (Gordon et al., 2007) . In particular, monolayer studies suggest that PFOA-phospholipid interactions may depend on the fluidity and, possibly, the cooperativity of the phase transition of the lipid assembly.
Unfortunately, systematic studies investigating the role of the cooperativity of the main phase transition in PFOA-phospholipid interactions have not been reported. To close this gap in knowledge, the present study investigates the interaction of PFOA with model membranes prepared from symmetrical phospholipids with different tail lengths using fluorescence anisotropy measurements, differential scanning calorimetry (DSC) and dynamic light scattering (DLS). Phosphatidylcholine liposomes were chosen for these studies because they are the primary phospholipids present in pulmonary surfactant (Goerke, 1998; Veldhuizena et al., 1998) .
Materials and methods

Chemicals
Potassium perfluorooctanoate (CF 3 (CF 2 ) 6 CO 2 K) was prepared by neutralization of perfluorooctanoic acid with potassium hydroxide. Its analytical data are in agreement with the proposed structure. Dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC) and distearoylphosphatidylcholine (DSPC) were obtained from Avanti Polar Lipids (Alabaster, AL) in >99% purity and used without further purification. The fluorescence probes, 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH), were obtained from Molecular Probes (Eugene, OR). Tetrahydrofuran (THF), ethanol, methanol and chloroform were purchased from Fisher Scientific (Pittsburgh, PA) and were either HPLC or ACS grade. All chemicals were used without further purification. Deionized water for the DSC studies was distilled first from basic potassium permanganate followed by distillation from sulfuric acid, whereas deionized ultra-filtered water for the fluorescence and light scattering studies was obtained using Millipore water systems (Milli-Q and Direct-3Q, respectively, Millipore, Billerica, MA) (Lehmler and Bummer, 2004; Lehmler et al., 2006; Xie et al., 2007) .
Preparation of DPH and TMA-DPH-labeled Liposomes
One mL of a solution of the respective phospholipid (1 mmol/L in chloroform) and 2 µL of 1 mmol/L DPH (1 mmol/L in THF) solution were mixed to give a lipid-to-probe mole ratio of 500:1. The solvents were evaporated under reduced pressure using a rotary evaporator and the resulting lipid films were dried under vacuum (~210 kPa) for at least 3 hours to remove solvent traces. The phospholipid-DPH films were hydrated with 1 mL ultra-pure water for 1 hour above the melting temperature of the respective phospholipid. Suspensions containing primarily large unilamellar vesicles (LUVs) were obtained by extruding the multilamellar vesicle (MLV) suspensions ~15 times through a double-stacked polycarbonate membrane filter (pore size: 200 nm) using a LiposoFast extruder (Avestin Inc., British Columbia, Canada) above the melting temperature of the respective phospholipid (Bernsdorff et al., 1997) .
TMA-DPH-labeled lipid films were obtained as described above. Briefly, an unlabeled phospholipid film was prepared from 1 mL of the respective phospholipid solution (1 mmol/ L in chloroform). The phospholipid film was hydrated and labeled by mixing 1 mL of ultrapure water and 2 µL of TMA-DPH solution (1 mmol/L in ethanol) and heating the mixture above this melting temperature of the respective phospholipid for 1 hour (Zhang et al., 2004) . LUV suspensions were obtained from the MLV suspensions as described above for the DPHlabeled LUVs.
Fluorescence anisotropy measurements
Phosphatidylcholine suspensions with the desired PFOA concentrations were prepared by diluting the respective LUV suspensions 100-fold with an aqueous PFOA solution. The final PFOA concentrations ranged from 0 to 442 µmol/L (0 to 200 mg/L), which corresponds to PFOA/lipid mole ratios from 0 to 44.2. DPH and TMA-DPH anisotropy in the lipids bilayer were measured using a LS55 Luminescence Spectrometer from PerkinElmer (Shelton, CT). The spectroscopic cell was temperature controlled using a PerkinElmer PTP-1 Peltier System (Shelton, CT) and was mixed with a magnetic stirrer at low speed (Lehmler et al., 2006; Xie et al., 2007) . Steady-state DPH and TMA-DPH anisotropy were determined at λ ex = 350 nm and λ em = 452 nm (Bothun et al., 2005; Lehmler et al., 2006; Xie et al., 2007) , and λ ex = 360 nm and λ em = 430 nm (Hashizaki et al., 2005; Lehmler et al., 2006; Xie et al., 2007) , respectively. The DMPC, DPPC or DSPC suspensions were equilibrated at 40 °C (DMPC), 52.5 °C (DPPC) or 67.5 °C (DSPC) for 15 minutes and the DPH and TMA-DPH anisotropy values were recorded while cooling the sample to 10 °C (DMPC), 22.5 °C (DPPC) or 37.5 °C (DSPC) at a rate of 0.2 °C/min (Lehmler et al., 2006; Xie et al., 2007) . The temperature of the main fluidgel phase transition (T m ), the transition width (ΔT r ) and the onset and completion of the transition were determined from plots of absolute fluorescence anisotropy (<r>) as a function of temperature using Sigma Plot 2002 (Version 8.0, SPSS Inc., Chicago, IL) (Inoue et al., 1988b) .
Calculation of partition coefficients
The apparent mole fraction partition coefficient K X of PFOA between the lipid bilayers and the bulk aqueous phase was estimated using the equation (Inoue et al., 1988a) :
where ΔT m is the change in melting temperature, R is the gas constant, T m,o (K) is the melting temperature of hydrated lipids, ΔH m (kJ/mol) is the phase transition enthalpy of the respective phosphatidylcholine (Koynova and Caffrey, 1998) , C S (M) is the initial aqueous concentration of PFOA, and C L (M) is the lipid concentration. In equation 1 it is assumed that (i) the phase transition enthalpy is constant and does not change with PFOA partitioning and that (ii) PFOA mixes ideally with the fluid phase and does not partition significantly into the gel phase. This method of calculating apparent partition coefficients is routinely used to determine surfactant partitioning into lipid bilayers (Inoue et al., 1988a; Inoue et al., 1986; Lehmler et al., 2006; Xie et al., 2007) .
Differential scanning calorimetry (DSC)
Calculated amounts of the respective phospholipids and PFOA were dissolved in chloroform : methanol (3:1, v\v) at the appropriate mole fractions. The PFOA/lipid mole ratios were 0 to 0.42 (DMPC and DPPC) and 0 to 0.71 (DSPC), which is approximately two and three orders of magnitude smaller than the ratios used in the fluorescence anisotropy and DLS (described below) experiments, respectively. The solvent was removed under a stream of nitrogen, the mixtures were further dried under vacuum for ≥ 3 hours, and the samples were hydrated in an excess of water 3 : 1 by weight (Eliasz et al., 1976; Koynova et al., 1987) . Samples were heated above the lipid transition temperature for 5 minutes and vortexed for 2 minutes. This process was repeated approximately eight times. Samples were stored at 4 °C for 12-16 hours prior to DSC analysis.
A Thermal Analysis 2920 differential scanning instrument was used for the DSC studies. The hydrated samples were weighed into DSC aluminum pans. The DSC cell was purged with 60 mL\min and the refrigerated cooling system with 120 mL/min dry nitrogen, respectively. Samples were cooled to 4 °C at a cooling rate of 10 °C/min and then heated from 4 °C to 80 °C with a heating rate of 5 °C/min. The high heating rate was chosen to allow a direct comparison with previous investigations of similar systems (Eliasz et al., 1976; Koynova et al., 1987) . All samples were subjected to two subsequent heating cycles. Subsequently, the onset, maximum and completion temperatures as well as peak width of the pre-transition and the main phase transition were determined for the second run using the Universal Analysis NT software (Lehmler et al., 2006; Xie et al., 2007) .
Dynamic light scattering (DLS)
DMPC, DPPC, and DSPC samples were prepared according to the procedure described for the fluorescence anisotropy experiments. The total lipid concentration was 0.1 mmol/L in an aqueous phase consisting of deionized water and PFOA concentrations of 0 to 442 µmol/L, which corresponded to PFOA/lipid mole ratios of 0 to 4.42, respectively. Once prepared, the samples were placed in a 37 °C water bath for 24 hours. DLS measurements were conducted at 37 °C using a Brookhaven BI-200SM Goniometer equipped with a Lexel 95-2 argon laser and a BI-9000AT Digital Correlator. The photomultiplier captured scattered light at 514 nm through a 400 µm aperture. The scattering signal was analyzed using the method of cumulants based on the 2 nd fit of the autocorrelation function to yield an average hydrodynamic radius of the samples. For a set of samples, the laser power was held constant to compare changes in scattering intensity. The root mean square of the autocorrelation function fit was less than 5 × 10 −3 for all measurements. Each sample was analyzed in duplicate and the average of these runs and standard deviation are reported.
Results
DPH and TMA-DPH steady-state fluorescence anisotropy
Two fluorescent probes, DPH and TMA-DPH, were employed to investigate the effect of PFOA on the phase behavior of DMPC, DPPC and DSPC model membranes (Figure 1 ). In particular the TMA-DPH fluorescence anisotropy versus concentration curves showed a decrease in the anisotropy value in the gel phase of DMPC, whereas a slight increase in the anisotropy value was observed in the liquid crystalline phase of DMPC ( Figure 1D ). This effect of PFOA on the membrane fluidity was noted for all three phosphatidylcholines with both fluorescent probes and was more pronounced in the TMADPH studies. Furthermore, the partial phase diagram obtained for the DPH fluorescence anisotropy experiments revealed pronounced effects of increasing PFOA concentrations on the phase transition temperature T m , the onset and completion temperatures, and the transition width of the PFOA-phosphatidylcholine mixtures ( Figure 2 ).
A decrease of T m was observed with increasing PFOA concentrations for all three PFOAphosphatidylcholine mixtures (Figure 2 ). The apparent partition coefficients of PFOA from the aqueous bulk phase into the phosphatidylcholine bilayers were calculated from the change in T m as a function of PFOA concentration using equation 1 (Table 1 ). The apparent partition coefficients ranged from 1.0 × 10 4 to 2.1 × 10 4 and, thus, were essentially independent of the structure (i.e., chain length of the hydrophobic tails) of the phosphatidylcholines.
For both fluorescent probes, the onset temperature of the phase transition (i.e., the beginning of the transition from the liquid-crystalline to the gel phase of the phosphatidylcholine upon cooling) remained constant for all mixtures over the entire PFOA concentration range studied (Figures 2; see Figures S1, S2 and Wei et al. (2007) for the TMA-DPH results). In contrast, the completion temperature (i.e., the ending of the transition from the liquid-crystalline to the gel phase of the phosphatidylcholine upon cooling) decreased with increasing PFOA concentration, resulting in an increase in the relative width of the phase transition (i.e., the ratio of the transition width of the PFOA-lipid mixture to the transition width of the pure phosphatidylcholine) over the entire concentration range studied. While the concentrationdependent changes in the relative transition width were comparable, especially at low PFOA concentrations (Figure 3 ), the absolute width was larger for the DMPC system and decreased in the order DMPC > DPPC > DSPC with DPH as fluorescent probe. For example, the transition width of DMPC and DSPC decreased from 14.4 ± 0.2 °C (DPH) and 13.8 ± 0.2 °C (TMA-DPH) to 8.1 ± 0.2 °C (DPH) and 7.9 ± 0.3 °C (TMA-DPH), respectively, at the highest PFOA concentration investigated (442 µmol/L).
Differential scanning calorimetry
DSC was employed to confirm the changes in the phase behavior of the three PFOAphosphatidylcholine mixtures observed in the fluorescence anisotropy experiments. Overall, the phase behavior of all three mixtures displayed similar features with increasing PFOA concentrations. In short, addition of PFOA resulted in significant peak broadening and a disappearance of the pretransition peak of the three phosphatidylcholines at X DMPC < 0.99, X DPPC < 0.97 and X DSPC < 0.94 (Figure 4 and Figure 5 ). With increasing mole fraction of PFOA, a shift of the onset (i.e., the beginning of the transition from the gel to the liquidcrystalline phase of the phosphatidylcholine upon heating), maximum and completion temperature (i.e., the ending of the transition from the gel to the liquid-crystalline phase of the phosphatidylcholine upon heating) to lower temperatures was observed. The only exception was the PFOA-DPPC system, where the completion temperature remained approximately constant ( Figure 5 ). Furthermore, the absolute peak width increased with increasing concentrations of PFOA in the approximate rank order DMPC > DPPC > DSPC ( Figure 4) ; however, the relative half-width was comparable at mole fractions above 0.8 ( Figure 6 ).
A more complex phase behavior with several phase transitions was observed at low mole fractions of DMPC and DPPC, but not DPSC (Figure 4 ). In the PFOA-DMPC system, only one main phase transition peak was observed down to a mole fraction of X DMPC < 0.90, whereas at X DMPC = 0.80 a maximum transition temperature of 17.0 ± 0.2 °C and shoulders at 12.0 ± 0.4 °C and 18.8 ± 0.1 °C were visible. At even lower mole fractions, the phase transition of DMPC became so broad that the onset, maximum and completion temperatures could not be determined. In the PFOA-DPPC system, a shoulder was apparent at 37.8 ± 0.2 °C at X DPPC = 0.90, whereas only one phase transition was apparent in the PFOA-DSPC system over the entire mole fraction range investigated.
Dynamic light scattering of PFOA-phosphatidylcholine mixtures
PFOA was added at different concentrations to aliquots of a common liposome stock solution after extrusion. Therefore, the lipid concentration and initial hydrodynamic diameter was the same for a given PC. In the absence of PFOA, the average hydrodynamic diameters of DMPC, DPPC, and DSPC liposomes at 37°C were 159 ± 3, 140 ± 6, and 156 ± 14 nm, respectively ( Figure 7A ). These results are consistent with liposome extrusion. For DPPC and DSPC, the addition of PFOA did not have a statistically significant effect on vesicle size. However, for DMPC the addition of PFOA increased the average diameter of the vesicles from 159 ± 3 nm to 177 ± 4 nm in the presence of 442 µmol/L PFOA (PFOA/DMPC mole ratio of 4.42). Finally, a reduction in the total normalized scattering intensity, which was defined as the scattering intensity in the presence of PFOA relative to the 0 µmol/L control, was observed for all liposomes with increasing PFOA concentration ( Figure 7B ). This denotes a less turbid suspension.
Discussion
Steady-state fluorescence anisotropy and DSC experiments
The present study investigates the effect of PFOA on the phase behavior of phosphatidylcholine model membranes with different degrees of cooperativity of the phase transition (i.e., DMPC, DPPC and DSPC) using DPH and TMA-DPH steady-state fluorescence anisotropy and DSC measurements. We and others have reported a linear decrease in the T m of DPPC with increasing concentrations of PFOA (Inoue et al., 1988a; Xie et al., 2007) . Similar to DPPC, the T m of DMPC and DSPC was also significantly altered in the presence of PFOA and decreased linearly with increasing PFOA concentration in both the fluorescence anisotropy measurements and the DSC experiments. The apparent partition coefficients K X , which were estimated from the DPH and TMADPH fluorescence anisotropy data using equation 1, ranged from 1.0 × 10 4 to 2.1 × 10 4 for all three phosphatidylcholines and, within the experimental error, were essentially independent of the chain length of the phosphatidylcholine. The apparent partition coefficient of PFOA into DPPC model membranes reported by Inoue et al. (K X = 0.9 × 10 4 ) is comparable with our results (Inoue et al., 1988a) .
In contrast to PFOA, the partition coefficients of related anionic surfactants with an octyl tail, such has sodium octanoate [K X = 1.4 × 10 2 at pH = 10 (Inoue et al., 1988a) ], potassium octanoate [K X = 0.2 × 10 2 at pH = 7.4 (Kamp and Hamilton, 1993) ] or sodium octylsulfate [K X = 4.7 × 10 2 (Inoue et al., 1986)] , are approximately two orders of magnitude lower compare to the partition coefficient of PFOA. Together, these partition coefficients indicate that PFOA has a high tendency to partition into phosphatidylcholine bilayers, especially compared to analogous short-chain hydrocarbon surfactants (Inoue et al., 1988a; Inoue et al., 1986; Kamp and Hamilton, 1993; Xie et al., 2007) . This is a result of the hydrophobic effect, which is more pronounced with PFOA due to the hydrophobic character of the perfluorinated tail (i.e., the incorporation of PFOA into the lipid bilayer is energetically more favorable compared to the incorporation of octanoate, the corresponding hydrocarbon compound (Inoue et al., 1988a) ). It is important to emphasize that the surfactant is typically added to preformed model membranes in these studies. Therefore, the partition coefficients may only reflect the partitioning of the respective surfactant (i.e., PFOA) into the outer leaflet of the membrane. Further studies are needed to determine if PFOA also partitions into the inner leaflet under the experimental conditions investigated.
Like most other small molecules (Jain and Wu, 1977; Lohner, 1991) , PFOA also significantly increased the peak width of the major phase transition of all three phosphatidylcholines in the fluorescence anisotropy and DSC experiments. The absolute peak width of the phosphatidylcholine displayed a clear chain length-dependence (Figure 2 and Figure 5 ). For example, PFOA more effectively increased the width of the phase transition of DMPC and DPPC compared to DSPC model membranes. Studies of the effect of other lipophilic compounds on the phase behavior of these three phosphatidylcholines, such as tamoxifen derivatives (Custodio et al., 1993a, b) and pyrethroid insecticides (Moya-Quiles et al., 1996a; Moya-Quiles et al., 1996b), have shown a similar rank order. These apparent differences in the phase behavior between the three mixtures reflect the fact that the van der Waals forces between the hydrophobic tails of phospholipids increase with increasing tail length, which increases the cooperativity of the phase transition of the lipid bilayer and, thus, results a smaller transition width in the order DMPC > DPPC > DSPC. However, the change in the relative peak width determined from both the fluorescence and the DSC experiments is comparable for all three PFOA-phosphatidylcholine mixtures and, overall, did not reveal a clear rank order. This observation demonstrates that, similar to the membrane partition coefficients, the relative effect of PFOA on the cooperativity of the phase transition of model membranes is independent of the chain length of the respective phosphatidylcholine.
The effect of PFOA on the T m and the peak width of DMPC, DPPC and DSPC model membranes is characteristic for mixtures of phosphatidylcholines with many hydrocarbon amphiphilic molecules, such as C 5 and higher alkanols, alkanoic acids and some nonionic detergents (Eliasz et al., 1976; Jain and Wu, 1977; Lohner, 1991) . For example, DSC studies by Eliasz et al. demonstrated that octanoic acid causes a depression of the T m of DPPC, whereas longer chain homologues cause a more moderate decrease (decanoic acid) or even an increase in T m (e.g., alkanoic acids with C 12 and longer chains). Similarly, sodium octanoate decreased the T m of lipids isolated from neonatal rat stratum corneum (Cumming and Winfield, 1994) . Compared to longer chain alkanoic acids, octanoic acid caused a pronounced increase in the peak width of the phase transition of DPPC, as investigated using DSC (Eliasz et al., 1976) .
Analogous to other small molecules, the changes in T m and peak width caused by PFOA indicate a loss of cooperativity of the phase transition. This loss of cooperativity is most likely due to PFOA's preferential partitioning into defects separating cooperative melting units (i.e., highly ordered gel phase clusters), where it is most likely located from approximately C 1 through C 8 of the methylene region of the phosphatidylcholine acyl chains (Ellena et al., 2002) , and an increase in the number of defects due to a net loss of van der Waals interactions and the introduction of free volumes in PFOA-containing bilayers. As a result, the cooperative melting unit in PFOA-containing bilayers is smaller and undergoes a phase transition not only at lower temperatures but also over a broader temperature range.
Although the techniques employed in the present study do not allow us to fully assess the structure of PFOA-containing bilayers, the changes in the pretransition observed in the DSC experiments give additional insights into the effect of PFOA on the molecular organization of phosphatidylcholines at temperatures below the main phase transition. The pretransition is a transition from a tilted gel to a ripple gel phase that can be observed for all three phosphatidylcholines in the DSC experiments. Small, hydrophobic molecules can have a drastic effect on the pretransition by causing a change in the tilt angle of the lipid molecules and, thus, are a sensitive measure of changes in the structure of phosphatidylcholine bilayers (Lohner, 1991) . Increasing PFOA concentrations caused an increase in the width of the pretransition and, ultimately, abolished the pretransition of all three phosphatidylcholines. Similar changes in the phase behavior of phosphatidylcholines have been reported for other (per-)fluorinated surfactants (Lehmler and Bummer, 2004; Lehmler and Bummer, 2005) and indicate a change in the tilt angle of the phosphatidylcholine molecules in the gel phase. The mole fraction at which PFOA abolished the pretransition depended on the chain length of the phosphatidylcholine and, analogous to PFOA's effect on the peak width, decreased in the order X DMPC > X DPPC > X DSPC .
In addition to an effect on the main phase transition, PFOA also altered the fluidity of phosphatidylcholine model membranes. Specifically, PFOA decreased the fluorescence anisotropy values in the gel phase, but increased them in the liquid crystalline phase of all three phosphatidylcholines (Figure 1) . The effect of PFOA on the gel phase was very pronounced in the TMA-DPH measurements and suggests an increase in the fluidity of the lipid assemblies present in the gel phase. This observation is in agreement with the effect of PFOA on phosphatidylcholine monolayers at the air-water interface (Matyszewska et al., 2007) . In this earlier study, PFOA had a pronounced effect on the transition of phosphatidylcholine monolayers from a liquid-expanded to a liquid-condensed phase at concentrations as low as 10 µmol/L. Furthermore, PFOA abolished the phase transition of DMPC and DPPC (subphase temperatures = 13 °C and 27 °C, respectively) at a concentration of 10 µmol/L, resulting in a monolayer in a liquid-expanded state. In the same work, PFOA also reduced the maximum compression modulus of DPPC monolayers from 191 mN/m to 128 mN/m, which indicates the formation of liquid-like DPPC monolayers (Matyszewska et al., 2007) . Together, these studies by Matyszewska and coworkers suggest that PFOA has a fluidizing effect on some phosphatidylcholines assemblies. In the case of phosphatidylcholine bilayers, this effect appears to be more predominant at the location of the TMA-DPH versus the DPH probe (i.e., oriented towards the head group region). In contrast, PFOA has an ordering effect on the liquid crystalline phase in our study, as indicated by an increase in the anisotropy values. Thus, the effect of PFOA on phosphatidylcholine appears to depend, at least to some extent, on the state of the lipid assemblies of interest (e.g., gel versus liquid crystalline phase in bilayers).
One characteristic of hydrocarbon-fluorocarbon mixtures is the highly non-ideal character of these systems. In the case of simple surfactants, this non-ideal character typically results in the formation of hydrocarbon-and fluorocarbon-rich aggregates (Mukerjee and Yang, 1976; Shinoda and Nomura, 1980) . However, our fluorescence results (i.e., the linear relationship between T m and PFOA concentration) do not provide any evidence for the formation of PFOArich lipid domains or, possibly, other PFOA/lipid assemblies, such as micelles, with either phosphatidylcholine in the concentration range under investigation (< 0.5 mmol/L). This is in agreement with quasielastic light-scattering experiments demonstrating that PFOA concentrations ≥ 1 mmol/L are needed to result in "phase separation" or the formation of "aggregates" in DPPC model membranes (Inoue et al., 1988a) , but in contrast to our DLS experiments described below which suggest the partial formation of mixed micelles.
Due to the higher PFOA concentrations (< 0.25 mol/L), multiple phase transitions could be observed in the DSC experiments with the DMPC-PFOA (X DMPC ≤ 0.8) and in the DPPC-PFOA (X DPPC = 0.9) systems. Only one main phase transition was observed in the DSPC-PFOA system over the entire mole fraction range investigated. These observations indicate that new lipid assemblies were formed at higher phosphatidylcholine and/or PFOA mole fractions. These lipid assemblies are likely due to phase separation into hydrocarbon and fluorocarbon-rich domains and/or aggregates.
Dynamic Light Scattering
DLS experiments were performed to assess the effect of PFOA concentration on liposome swelling and solubilization at the biologically relevant PFOA concentrations chosen for this study. The mole fraction of PFOA within the bilayers x S,b can be calculated from the apparent partition coefficients determined by DPH anisotropy (Table 1) :
where x S is the mole fraction of PFOA in water. Values of x S,b of 0.08, 0.12, and 0.16 were calculated at the highest PFOA concentration (C S = 442 µmol/L) for DMPC, DPPC, and DSPS, respectively. At 37 °C, increasing PFOA concentration yielded a modest increase the hydrodynamic diameter of DMPC liposomes, but did not have a statistically significant effect on DPPC or DSPC ( Figure 7A ). Based on the fluorescence anisotropy measurements and the corresponding PFOA/lipid ratios, DMPC was in the fluid phase, whereas DPPC and DSPC were in the gel phase during the DLS analysis. Furthermore, fluorescence anisotropy and DSC results indicate that PFOA did reside in both gel and fluid phases. Hence, PFOA was present in all phosphatidylcholine liposomes, but only those with fluid bilayers (DMPC) exhibited swelling. Fluid bilayers can laterally expand more easily than gel bilayers to accommodate surfactant partitioning.
Given the high PFOA/lipid mole ratios (up to 4.42) and the favorable partitioning of PFOA into the bilayers, it was surprising that the addition of PFOA did not have a more profound effect on liposome size. Because mixtures of fluorocarbon and hydrocarbon surfactants can form fluorocarbon and hydrocarbon-rich assemblies (Mukerjee and Yang, 1976) , we attribute this to partial liposome solubilization and the formation of mixed PFOA/lipid micelles, which is supported by the scattering intensity results. Scattering intensity is proportional to the particle number density times the diameter to the sixth power (I ∝ ND 6 ). Increasing PFOA concentration led to reductions in the normalized scattering intensity for all lipids studied ( Figure 7B ). Given that PFOA had little effect on liposome diameter, these reductions in scattering intensity can be attributed to a decrease in the number of liposomes present. Based on the Lichtenberg model (Lichtenberg, 1985) , which describes turbidity changes when a surfactant is added to a vesicle dispersion, the reduction in scattering intensity at PFOA concentrations > 111 µmol/L (PFOA/lipid > 1.11) is consistent with the onset of micelle formation. In comparison, alkyl sulfate surfactants, such as sodium dodecyl sulfate, are also known to induce mixed micelle formation at high surfactant concentrations (e.g. at SDS/lipid ratios of 2.4) (Silvander et al., 1996) . From the partition coefficients K X determined using the DPH fluorescence experiments (Table 1) , the concentration of 111 µmol/L corresponds to PFOA mole factions of 0.02, 0.03, and 0.04 in DMPC, DPPC, and DSPC bilayers, respectively. This analysis suggests that the concentration of PFOA needed to induce micelle formation increases with melting temperature or chain length.
Detecting the presence of micelles using DLS in a mixed micelle-liposome solution was not possible because the liposomes dominated the scattering signal. Furthermore, PFOA-rich micelles would be essentially invisible due to the fact that the refractive indices of water (1.33) and PFOA (1.34 (Cotts, 1994; Kissa, 2001) ) are nearly identical. Given the low PFOA mole fractions present within liposomes estimated by the apparent partition coefficients, the reduction in scattering intensity is not attributed to a decrease the effective refractive indices of the liposomes.
With values of x S,b determined using Equation 2, the apparent mole ratio partition coefficient K R can be determined from K X and used to analyze the effects of PFOA partitioning on bilayer curvature strain:
Equation 3 KR is approximately proportional to the inverse of the surfactant critical micelle concentration (CMC). Surfactant partitioning yields no monolayer curvature strain within a bilayer when the product of K R × CMC ≈ 1, and reduces curvature strain when > 1. The CMC for PFOA is 25 mmol/L. Based on K R determined by Equation 3, K R × CMC > 4 was calculated for the liposomes. This calculation suggests that PFOA partitioning reduced curvature strain within the bilayers, which could explain why the liposomes were able to accommodate PFOA without significant swelling. It also demonstrates that PFOA favors bilayer partitioning over micelle formation, which is consistent with the preference for charged surfactants to partition into zwitterionic bilayers rather than form micelles where repulsive headgroup interactions are unfavorable (Heerklotz, 2008; Heerklotz and Seelig, 2000) . This, coupled with the hydrophobic character of bulky perfluoroalkane tails, may explain the high apparent partition coefficients of PFOA relative to hydrocarbon surfactants and the lack of evidence to support PFOA "phase separation" or "aggregate" formation within the bilayers. However, the presence of phosphatidylcholine lipids within mixed micelles would reduce repulsive headgroup interactions and increase the likelihood of micelle formation. The formation of micelles, in turn, is consistent with the small decrease in scattering intensity at relatively high PFOA/lipid mole ratios.
Conclusion
The present work is a systematic study of the effect of PFOA on a series of symmetrical, saturated phosphatidylcholines with different degrees of cooperativity of the main phase transition using fluorescence anisotropy, DSC and DLS measurements. PFOA readily partitioned in the bilayers of all three phosphatidylcholines and significantly altered their phase behavior (i.e., linear decrease in T m and increase in peak width), despite significantly different experimental conditions (i.e., PFOA/lipid ratios and PFOA concentrations). The preference for PFOA to partition into bilayers rather than form micelles was further supported by the apparent reduction in lipid monolayer curvature strain. Similar to other lipophilic compounds, the effect of PFOA follow the rank order DMPC > DPPC > DSPC, which suggests that the PFOA-induced effect on the cooperativity of the phase transition decreased with increasing chain length of the phosphatidylcholine and, thus, an increased degree of cooperativity of the phase transition of the pure phosphatidylcholine. This interpretation is further supported by the DLS studies which demonstrated that PFOA can cause swelling of fluid DMPC but not gel phase DPPC and DSPC bilayers, and that the PFOA content within the bilayer at the onset of liposome solubilization (i.e. micelle formation) increased with lipid chain length. However, the relative effect of PFOA on T m and the peak width appeared to be largely independent of the chain-length of the phosphatidylcholine. Overall, the present study raises several important questions that warrant further investigation. Specifically, it will be important to assess PFOAinduced structural changes on a molecular level in mono-and bilayers in both the gel and fluid state, and to investigate the corresponding changes in bilayer morphology in both model bilayers and, ultimately, the lamellar bodies in the lung of PFOA-treated animals. Furthermore, it will be important to further investigate the effect of PFOA on the dynamic function of pulmonary surfactant. Temperature dependent changes of phosphatidylcholine-PFOA mixtures obtained from the DPH and TMA-DPH fluorescent anisotropy measurements. DPH measurements: (A) DMPC-PFOA, (B) DPPC-PFOA and (C) DSPC-PFOA. TMA-DPH measurements: (D) DMPC-PFOA, (E) DPPC-PFOA and (F) DSPC-PFOA. As indicated by the arrows, samples of the respective phosphatidylcholine (10 µmol/L) were cooled at a rate of 0.2 °/minute. Each anisotropy-versus-temperature curve is the average of three independent measurements. Figures (B) and (D) are adopted from (Xie et al., 2007) with permission from Elsevier. Partial phase diagram of (A) DMPC-PFOA, (B) DPPC-PFOA (Xie et al., 2007) and (C) DSPC-PFOA mixtures obtained from the DPH fluorescent anisotropy measurements. As indicated by the arrows, all samples were cooled at a rate of 0.2 °/minute. The data points represent averages of at least three experiments ± one standard deviation. ■ Onset of main phase transition; Δ maximum of the main phase transition; ◆completion of the main phase transition. Concentration-dependence of the relative width of the phase transition of DMPC, DPPC and DSPC mixtures in the presence of 0 to 442 µmol/L PFOA using DPH (A) and TMA-DPH (B) as fluorescent probe. ΔT w (mixture) is the peak width of a phosphatidylcholine-PFOA mixture and ΔT w (PC) is the peak width of the corresponding phosphatidylcholine. All data points are averages of at least three experiments ± one standard deviation. Samples were cooled at a rate of 0.2 °/minute. Typical calorimetric scans for mixtures of (A) DMPC, (B) DPPC (Xie et al., 2007) , and (C) DSPC with PFOA in excess water. The mole fraction of the respective phosphatidylcholine is indicated besides each scan. As indicated by the arrows, the heating rate was 5 °/minute from 4 °C to 80 °C (only the part of the curve with a phase transition is shown). Figure (B) is reprinted from (Xie et al., 2007) with permission from Elsevier. Partial phase diagram of mixtures of PFOA with (A) DMPC, (B) DPPC and (C) DSPC obtained using differential scanning calorimetry in excess water. All data points are averages of at least three experiments ± one standard deviation. As indicated by the arrows, the heating rate was 5 °/minute from 4 °C to 80 °C. ■ Completion of main phase transition; Δ, ▲ and □ maxima of the main phase transition; ◆ onset of the main phase transition; ◊ onset of pretransition. Figure ( B) is adopted from (Xie et al., 2007) with permission from Elsevier. Half width of main phase transition (relative to half width of the respective pure phosphatidylcholine) of mixtures of PFOA with DMPC, DPPC and DSPC determined with differential scanning calorimetry. All data points are averages of at least three experiments ± one standard deviation. Average hydrodynamic radius (A) and normalized scattering intensity (B) for DMPC, DPPC, and DSPC (0.1 mmol/L lipid) incubated at 37°C in the presence of PFOA. Standard deviation bars are shown for duplicate measurements.
